Plant immune receptors are under constant selective pressure to maintain resistance to plant pathogens. Nucleotide-binding leucine-rich repeat (NLR) proteins are one class of cytoplasmic immune receptors whose genes commonly show signatures of adaptive evolution 1,2 . While it is known that balancing selection contributes to maintaining high intraspecific allelic diversity, the evolutionary mechanism that influences the transmission of alleles during speciation remains unclear. The barley Mla locus has over 30 described alleles conferring isolate-specific resistance to barley powdery mildew and contains three NLR families (RGH1, RGH2, and RGH3) 3 . We discovered (using sequence capture and RNAseq) the presence of a novel integrated Exo70 domain in RGH2 in the Mla3 haplotype. Allelic variation across barley accessions includes presence/absence of the integrated domain in RGH2. Expanding our search to several Poaceae species, we found shared interspecific conservation in the RGH2-Exo70 integration. We hypothesise that balancing selection has maintained allelic variation at Mla as a trans-species polymorphism over 24 My, thus contributing to and preserving interspecific allelic diversity during speciation.
frame full length RGH1 family member. Using sequence capture designed on the entire Mla locus and PacBio circular consensus sequencing 11 , the integrated RGH2-Exo70 was confirmed in the barley cultivar Baronesse (Fig. 1c ). Furthermore, RGH2-Exo70 and RGH3 in Baronesse were found in head-to-head orientation (Fig. 1b) , and based on other similar structural examples we hypothesise they function as a pair 12 . Head-to-head orientation of RGH2 and RGH3 was also observed in other grass species (Fig. 1b ).
Exo70 is one of the eight subunits comprising the exocyst complex, involved in the tethering of post-Golgi secretory vesicles to the plasma membrane prior to SNARE complex-mediated membrane fusion [13] [14] [15] . In plant genomes, the core exocyst subunits of Sec3, Sec5, Sec6, Sec8 and Sec10 are retained in few or single copies, whereas Exo70 has experienced dramatic proliferation into multiple gene families 16 . Diversification is characteristic of subfunctionalisation or neo-functionalisation 17 and Exo70 genes are involved in diverse roles in morphogenesis 15 , development 18 , and immunity 19 . Cvrcóková et al. (2012) comprehensively described members of the exocyst complex throughout land plants using representative species from both monocots and dicots 16 . We annotated the Exo70 gene families from several sequenced grass species including Brachypodium distachyon, barley, Oryza sativa (rice), Oropetium thomaeum, Sorghum bicolor, Setaria italica, and Zea mays (maize). The Exo70F
and Exo70FX clades were found to be greatly expanded within these grasses ( Fig. 2a ). Using maximum likelihood phylogenetic analysis, we discovered that the integrated Exo70 originated from Exo70F1 (Fig. 2b) . Approximately 87% of the coding sequence of Exo70F1 is integrated in RGH2. Members of Exo70F and Exo70FX gene families are known to have a role in immunity. Barley EXO70F-like (ExoFX11b.a) is essential for full penetration resistance to B. graminis f. sp. hordei 20 . Rice Exo70F3 binds the M. oryzae effector AVR-Pii, and this interaction is essential for Pii (NLR) mediated resistance 21, 22 . The integration of Exo70F1 in RGH2 suggests a potential role in immunity either through localisation of the NLR or as a decoy for effector recognition.
Integration of Exo70F1 in RGH2 was previously observed in the D genome of wheat (Triticum aestivum L.) in cloning Sr33 on chromosome 1D 23 . Presence of integrated Exo70F1 in wheat and barley prompted us to investigate its conservation across diverse grasses to establish its potential as a trans-species polymorphism 2 . First, to understand whether allelic variation exists in Aegilops tauschii (the donor of the D genome), we analysed several publically available leaf transcriptomes 24 . We observed allelic variation in the presence or absence of RGH2 and RGH3 expression, with RGH2 present as the integrated Exo70F1 allele ( Fig. 1a ). We did not identify an allele of RGH2 without the Exo70F1 integration. We expanded our search to include additional species outside the Triticeae with sequenced genomes or publically available leaf RNAseq data. Sequence analysis found allelic variation and interspecific conservation in the RGH2-Exo70F1 integration across diverse Poaceae species. In oat, (Avena sativa) RGH2 and RGH3 were present in two accessions, whereas RGH1 was absent (Fig. 1a ). The integrated Exo70F1 was in frame in the accession Kanota, whereas a single base pair InDel causes an out-of-frame Exo70F1 in Victoria. Integration of Exo70F1 in RGH2 in the genome was confirmed using sequence capture and PacBio sequencing of the oat accession Victoria. Using maximum likelihood phylogenetic analysis, we found that integrated Exo70F1 derived from Triticeae species, A. sativa, and Holcus lanatus form a distinct clade from non-integrated Exo70F1 (Fig. 3) . B. distachyon forms the outgroup of this integrated clade, suggesting that integration of Exo70F1 in RGH2 occurred after speciation of B. distachyon but prior to radiation of the Poeae and Triticeae. The RGH2 ortholog in B. distachyon encodes an NLR with a C-terminal integrated receptor-like kinase with intact transmembrane and extracellular lectin domains. RGH2 orthologs in oat and the Ae. tauschii-derived D genome of wheat contain integrated Exo70F1 that is not in frame, suggesting that gene exchange through unequal crossovers, gene conversion, or mutation can interrupt the ORF. The differentiation of integrated and non-integrated Exo70F1 after B. distachyon speciation, but prior to Poeae-Triticeae radiation dates this integration at 24 Mya (CI: 18.4 to 29.8 Mya) 25 , and is indicative of a trans-species polymorphism.
We found that all grass Exo70 gene families are under strong purifying selection (Supplementary Table 2 ). We hypothesise that integration of Exo70F1 into RGH2, and its role as a proposed 'decoy' domain, would relax purifying selection compared to nonintegrated Exo70F1. To understand the impact on the molecular evolution across Exo70F1, we performed branch-specific tests for variable levels of selective pressure. Evidence of relaxed purifying selection was observed for the integrated Exo70F1 clade (ω a = 0.423), compared to stronger purifying selection for non-integrated domains of Exo70F1 (ω 0 = 0.102) (Supplementary Table 3 , Supplementary Fig. 1 ). Evidence of relaxation confirms the release of integrated domains from strong purifying selection that preserves the endogenous activity of their non-integrated counterparts 26 .
We were interested if, following incorporation, integrated Exo70F1 has altered the evolution of RGH2. To investigate the potential co-evolution of RGH2 and the integrated Exo70F1, we compared the phylogenies of RGH1, RGH2, and RGH3 gene families; and Exo70F1. All RGH gene families predominantly exhibit species specific grouping ( Supplementary Fig. 2 , 3, 4) . Variation is seen in the domain structure of RGH2 homologs; the majority contain an Exo70F1 integration however other domains such as coiled coil, receptor-like kinase (with lectin domains), thioredoxin and protein kinase are observed in orthologs ( Supplementary   Fig. 3 ). RGH2 belongs to the NLR clade MIC1 comprising members known to contain diverse integrated domains 27 . Integrated Exo70F1 have a distinct evolutionary history compared to their non-integrated counterparts. The integrated Exo70F1 clade follows the species phylogeny, with the exception of HvuRGH2HOR1428 and TaDRGH2.2 from the reference genome of wheat ( Fig. 3 ). Within the integrated clade two subclades are supported: one clade containing the Aegilops and barley alleles, and the other comprising wheat, Phalaris arundinacea, Holcus lanatus, and oat ( Fig. 3 ). In contrast, RGH2-Exo70F1 and nonintegrated RGH2 alleles do not show the same clade distinction; therefore, integrated status has not altered RGH2 evolutionary history and co-evolution has not occurred ( Supplementary   Fig. 3 ).
Until now, it was unclear how selective forces in the plant-pathogen interaction influence the preservation of diverse alleles through plant speciation events because previous evolutionary analyses were limited by high rates of intraspecific and interspecific variation of NLRs. We used the integrated Exo70F1 domain within RGH2 as an evolutionary footprint to track the history of the Mla locus through speciation of the grasses. We observed presence/absence variation in RGH2-Exo70F1 across barley and presence of RGH2-Exo70F1 alleles in five grass species, indicating the passage and retention of ancestral alleles through speciation.
This establishes a trans-species polymorphism originating 24 Mya 25 , and maintained to present day ( Fig. 4 ). Long-lasting trans-species polymorphisms are maintained through balancing selection, as in its absence, mutations within a population are either lost, achieve fixation, or exist in a frequency-dependent manner 2 . Previous work in plant immunity established time scales of long-term maintenance of polymorphic sites in stress response genes between A. thaliana and Capsella rubella 28 over 5 Mya, and presence/absence polymorphisms in RPS5 in A. thaliana due to long-term balancing selection 29 over 2 Mya.
Using genomes and transcriptomes from species across the Poaceae, we have unravelled the evolutionary history of a shared integrated NLR within the grasses, and shown that allelic diversity is present as a trans-species polymorphism at Mla. The association of the Mla locus with multiple pathogen recognition 30 emphasises the impact of diverse pathogen populations on the evolutionary forces shaping immune receptor diversity in the Poaceae.
Methods

Plant material
A full inventory of plant species and accessions used in this study are available in Supplementary Data 1.
RNAseq and de novo assembly
First and second leaf tissue was harvested at 10 days after sowing of barley and oat accessions grown in the greenhouse. Tissue was flash frozen in liquid nitrogen and stored at -80 °C. Tissue were homogenized into a fine powder in liquid nitrogen-chilled pestle and mortars. RNA was extracted, purified, and quality assessed as described by Dawson 43 , we developed a motif set using MEME 44 trained on a random randomized proportional sample of NLR 45, 46 from rice (N=35) and B. distachyon (N=17). The MEME motifs spanned the CC domain (motifs 4, 11, 13, and 15), NB domain (motifs 1, 2, 3, 5, 6, 7, 8, 10, 12, and 14), and the LRR domain (motifs 19, 9, 20, 16, 17, and 18) (Supplementary Data 3) . All the identified motifs in the NB are similar to those previously defined by Meyers et al. (2003) 47 Translated genomic contigs were scanned using FIMO, which assesses all twenty MEMEgenerated motifs independently. Contigs were included in the capture if one of two conditions were met: (1) at least one CC and two NB motifs were present or (2) at least two NB and one LRR motifs are present in the translated sequence strand.
Next, redundancy within the sequence capture template was removed. We fragmented the input data set into 100 bp fragments with a scanning window of 25 bp and performed BLASTn onto the entire data set. Any sequence found to have identity of 95% or higher was considered redundant other than the original site. The first occurrence of the sequence would be retained and the others were masked. While this approach removes redundancy in the data set, the inclusion of extensive genomic sequence will introduce repetitive sequence that can produce competition in the sequence capture due to the high copy number of repetitive sequence in the barley genome. Therefore, two approaches were used to remove repetitive sequence in the sequence capture design. All loci were repeat masked based using RepeatMasker 48 (v4.0.5) using default and Triticeae-specific repeat databases. As repeat databases are not complete, we applied genomic masking of the capture design. To do so, we fragmented the input data set into 100 bp fragments with a scanning window of 50 bp and performed BLAST onto the barley Morex WGS assembly. A threshold of eight or fewer copies was found selected to balance between copy number variation within NLRs and avoiding the inclusion of repetitive sequence.
DNA extraction and sequencing library preparation
Total genomic DNA was extracted from leaf tissue according to a CTAB method 49 
PacBio assembly
PacBio circular consensus reads with at least three passes were used for genome assembly.
Reads were trimmed to remove the adapter sequence (first and last 70 bp) and size selected to reads less than 4kb. We used Geneious 50 were used for protein and codon-based sequence alignment using default parameters, respectively. Curation of the multiple sequence alignment for complete Exo70 and Exo70F gene family was used to remove sequences with less than 40% of the breadth of the alignment and to remove positions with more than 60% missing data. Gene families were identified based on bootstrap support in the phylogenetic tree ( Fig. 2a) , incorporating a previous annotation performed on the Exo70 gene family 16 ( Supplementary Data 4) . We required that 90% sequence coverage for inclusion in the Exo70F1 phylogenetic tree.
RAxML 55 (v8.2.9) was used for phylogenetic tree construction using the PROTGAMMAJTT and GTRCAT models for protein and coding sequence alignment, respectively. Bootstrap support was determined for all phylogenetic trees, using a convergence test to confirm sufficient sampling.
Exo70F1 homologs were identified from diverse Poales species 56 Fig. 5 ). The site of sequence conservation between integrated and non-integrated Exo70F1 was determined based on codon-based sequence alignment.
Molecular evolutionary analyses
Molecular evolutionary analyses were performed with PAML 57 Supplementary Fig. 1, Supplementary Table 3 ).
Data
All high-throughput sequencing data, de novo transcriptome assemblies, and de novo assembly of the NLR gene space of barley and oat are deposited in the NCBI BioProject PRJNA378334, PRJNA378723, PRJNA422803, and PRJNA422986. De novo transcriptome assemblies for publically available RNAseq data, multiple sequence alignments, and phylogenetic trees in Newick format are available from figshare (https://figshare.com).
Scripts, analysis pipeline, and details associated with Exo70 gene family curation can be found on the GitHub repository https://github.com/matthewmoscou/Exo70 (v1.0). Fig. 1 . Intra-and inter-specific variation in RGH1, RGH2, and RGH3. RGH1, RGH2 and RGH3 family members are shown in coloured arrows (blue, yellow, and grey, respectively). Maximum likelihood phylogenetic tree was performed on codon aligned Exo70F1 genes from 19 grass species (Supplementary Data 1). Integrated Exo70F1 highlighted in blue. Branch support was generated using 1,000 bootstraps, with orange dots designating support greater than 80%. Rice Exo70F1 (OsExo70F1; Os01g69230.1) was used as an outgroup. Scale bar shows nucleotide substitutions per site. Species included in the analysis were: Achnatherum splendens (Acs), Ae. tauschii (Aet), Agropyron cristatum (Agc), Agrostis stolonifera (Ags), A. sativa (Avs), B. distachyon (Bd), Bromus inermis (Bin), Dactylis glomerata (Dgl), Festuca pratensis (Fpr), Holcus lanatus (Hla), H. pubiflorum (Hp), barley (Hvu), rice (Os), Melica nutans (Mnu), Nardus stricta (Nst), Poa pratensis (Ppr), Secale cereale (Sec), Stipa lagascae (Sla), Triticum aestivum (TaA, TaB, TaD subgenomes), maize (Z. mays; Zm). Clusters were formed due to 100% identical sequence and are listed in Supplementary Table 1 . 
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